Largely due to size differences, mesozooplankton are important exporters of carbon and prey for larger organisms, while microzooplankton are important recyclers of nutrients, dominant grazers of phytoplankton, and a key link in the microbial loop. We investigated the relative importance of meso-and microzooplankton grazing in the western tropical North Atlantic Ocean (WTNA) and Amazon River plume. Sampling as part of the ANACONDAS project occurred in spring (May-June) 2010 during the peak outflow of the Amazon River and in fall (September-October) 2011 during the plume seasonal retroflection. Mesozooplankton grazing rates decreased with increasing salinity in both seasons, but during the fall both day and nighttime grazing rates were significantly negatively correlated with salinity. Mesozooplankton grazing was highest in plumeinfluenced surface waters (0-25 m), and usually dominated by smaller size classes (0.2-0.5 mm and 0.5-1.0 mm). Microzooplankton grazing accounted for approximately 68% of bulk phytoplankton growth across all stations. Comparison of meso-and microzooplankton grazing suggests a transition in food web dynamics from a mesozooplankton dominated "export" structure in the plume transitioning to a microzooplankton dominated "retention" structure at mesohaline and oceanic stations above sea surface salinity of 33. Comparison between the seasons suggests a seasonal planktonic succession of low mesozooplankton grazing during the spring peak discharge followed by higher grazing rates and impact by mesozooplankton during the fall retroflection. These results provide important baseline information required for examining effects of climate change on the planktonic food web of the WTNA and for use in biogeochemical models of the region.
The role that zooplankton play in determining the structure and efficiency of pelagic food webs varies with a multitude of factors, including region, season, depth, and phytoplankton and zooplankton size. Retention food webs are considered characteristic of open ocean, oligotrophic environments, where microzooplankton efficiently graze small phytoplankton, and nutrients and organic material are retained and recycled in surface waters (Wassmann 1997) . Export food webs on the other hand, common to upwelling or coastal regions, are characterized by large phytoplankton and shorter food webs, with phytoplankton sinking out in aggregates or grazed by large zooplankton producing rapidly sinking fecal pellets (Michaels and Silver 1988; Wassmann 1997; Stukel et al. 2013b ). This study investigates meso-and microzooplankton grazing in a region where these two food web paradigms potentially overlap, due to the mingling of the nutrient rich outflow of the Amazon River with the oligotrophic western tropical North Atlantic Ocean (WTNA).
In the WTNA, the Amazon River flows onto the shelf, forming a thin, low salinity and high nutrient plume with very strong vertical stratification. The plume creates a unique environment for enhanced primary production driven primarily by diazotrophy (N 2 -fixation) from diatom-diazotroph associations (DDAs) (Subramaniam et al. 2008) . The plume covers up to 1.5 3 10 6 km 2 of the WTNA in July and August during the period of retroflection when the North Equatorial Countercurrent surfaces and advects fresh water eastward across the basin (Molleri et al. 2010; Coles et al. 2013 ). Earlier in the spring, in May and June, the plume is primarily flowing northwestward, although the retroflection may initiate toward the end of this period. The plume ranges from 5 m to 25 m thick (Coles et al. 2013 ) and supplies allocthonous silicon (Si) and phosphorus (P) to offshore regions of the WTNA. This input of plume Si and P into the nitrogenlimited open ocean at Si : N and P : N ratios in excess of that typically needed by phytoplankton creates a distinct niche for N 2 fixation by DDAs, leading to enhanced primary production in this region (Subramaniam et al. 2008) . Carbon drawdown associated with this primary production challenges the previous view of the tropical ocean as a source of carbon to the atmosphere (Takahashi et al. 2002; MikalofFletcher et al. 2007 ) and instead affirms that the region is a biologically-mediated carbon sink (Cooley and Yager 2006; Cooley et al. 2007; Subramaniam et al. 2008) . The fate of this enhanced production in the WTNA, however, is unknown. Aside from a historical study in this region that quantified copepods and cladocerans in the surface 200 m (Calef and Grice 1967) , characterization of zooplankton community composition has been restricted to the Amazon River coastal estuaries Magalhães et al. 2009 ). Furthermore, there are no previous studies describing zooplankton grazing in the plume-influenced WTNA. Most studies of mesozooplankton grazing in the tropical open ocean have been limited to the Pacific Ocean, i.e., the Joint Global Ocean Flux Study (JGOFS) Equatorial Pacific study (EqPac) Zhang et al. 1995; Roman and Gauzens 1997; Roman et al. 2002) , and more recently the Equatorial Biocomplexity project Landry et al. 2011 ). In the Atlantic Ocean, tropical mesozooplankton grazing is limited to the eastern portion of the basin, where results from the Atlantic Meridional Transect project indicate mesozooplankton grazing impact averaged 2.3% of chlorophyll a (Chl a) (Isla et al. 2004) in the eastern tropical North Atlantic and an average of 6% of Chl a in the subtropics near the Azores (Huskin et al. 2001) .
Likewise, little is known about the impacts of microzooplankton grazing in the WTNA. Small protozoa are considered to be the dominant grazers globally, accounting for removal of 70-133% of primary production per day (Sherr and Sherr 2002) and 75% overall in the tropical and subtropical regions as determined by metadata analysis (Calbet and Landry 2004) . A subsequent metadata analysis of microzooplankton grazing, using Longhurst's classic biogeographic domains and an expanded dataset (nearly double the data points of the 2004 study), indicates that within the "Trades Atlantic" region, microzooplankton grazing accounts for approximately 70% of primary production grazed per day (Schmoker et al. 2013) . However, this biogeographic region, which includes the WTNA, was specifically recommended for further study of microzooplankton grazing, as the only open ocean study was located near the Azores, with the remaining coming from subtropical or tropical estuaries (Schmoker et al. 2013 ).
Here we attempt to quantify meso-and microzooplankton grazing in the Amazon-influenced WTNA to address a distinct gap in our understanding of the fate of the enhanced primary production in this region. We also provide an important baseline of removal of primary production in the different water types of the WTNA under current climate conditions. Observed changes to the hydrological cycle in the Amazon basin (Gloor et al. 2013 ) and increasing temperature predicted with climate change (Doney et al. 2012 ) could directly impact the Amazon River discharge which is linked with both the El Niño Southern Oscillation (ENSO) and sea surface temperature in the tropical north Atlantic (Richey et al. 1989; Espinoza et al. 2011) . Furthermore, these measurements will improve existing empirical and biogeochemical models of this dynamic region (Cooley et al. 2007; Stukel et al. 2014) , as well as provide important comparisons with other major rivers discharging into the oceans (e.g., the Mississippi, Mekong, and Congo).
Methods

Study area
Sampling in the Amazon River plume-influenced region of the WTNA (between 0-138N and 44-578W) was conducted as part of the Amazon iNfluence on the Atlantic: CarbOn export from Nitrogen fixation by DiAtom Symbioses (ANA-CONDAS) project. We report data from two cruises which occurred 22 May 2010-24 June 2010 aboard the R/V Knorr and 03 September 2011-08 October 2011 aboard the R/V Melville. The cruise in 2010, hereafter referred to as "spring," focused on the plume during the season of peak discharge (Fig. 1A) , and in 2011, referred to as "fall," during the seasonal maximum reach and plume retroflection that advects the plume southeastward (Fig. 1B) . Sampling design included stations in and out of the plume to capture variation in biogeochemistry with respect to plume influence. Station selection was based largely on sea surface salinity (SSS) and Chl a and phycobilipigment fluorescence measured underway (Goes et al. 2014) , and other plume indicators (e.g., chromophoric dissolved organic matter-CDOM concentration) seen from satellite imagery. For the purposes of this analysis, we separate sampling stations into the following categories: stations with SSS < 30 were identified as "low salinity" plume, stations with SSS between 30 and 35 "mesohaline" plume, and stations with SSS > 35 "oceanic" non-plume.
Mesozooplankton collection
Mesozooplankton (i.e., zooplankton > 0.2 mm) were collected in both years with a 1-m Multiple Opening and Closing Net and Environment Sensing System (MOCNESS; Wiebe et al. 1976 ) fitted with ten 202 lm mesh nets. Tows were performed to 150 m or 500 m. Only the 0-150 m depth intervals were processed for determination of gut fluorescence to avoid problems with gut evacuation and pigment degradation during the tow, and were always sampled last in the tow. Discrete depth intervals within the top 150 m were 0-25 m, 25-50 m, 50-100 m, and 100-150 m during the spring. In the fall, to better characterize the surface plume influence, we sampled Conroy et al.
Zooplankton grazing in the Amazon River plume the top 25 m at higher resolution (0-10 m and 10-25 m; deeper intervals remained the same as in spring). Occasionally, at shallow depth stations, a double oblique tow using a rectangular frame (0.8 3 1.2 m) single net with 202 lm mesh was performed in surface waters (within top 25 m). When possible, both day and night tows were performed. Daytime tows were performed between 1000 h and 1400 h local time and nighttime tows between 2200 h and 0200 h. Once the nets were onboard, zooplankton in the cod ends used for pigment analysis were immediately anesthetized with carbonated water to prevent gut evacuation (Gannon and Gannon 1975) . Samples were then split into either 1 =4 or 1 =2 of the total sample using a Folsom plankton splitter, then size fractionated using nested sieves into the following size classes: 0.2-0.5 mm, 0.5-1.0 mm, 1.0-2.0 mm, 2.0-5.0 mm, and > 5.0 mm. These size fractions were then concentrated onto pre-weighed, 0.2 mm Nitex mesh filters and rinsed with Milli-Q to remove salt. When large phytoplankton were caught in the nets, filters were first inspected and picked clean of phytoplankton, then the filters were placed in petri dishes and frozen and stored at 2808C until they were processed on shore.
Gut fluorescence analysis and mesozooplankton grazing calculation Gut fluorescence for each size fraction was determined fluorometrically similar to that described in (D ecima et al. 2011) . For the 0.2-0.5 mm, 0.5-1.0 mm, 1.0-2.0 mm, and 2.0-5.0 mm size fractions, replicate 1/8 or 1/4 sections of the frozen filter were processed. Filters were sectioned in equal divisions using a sectioning template. On occasions when the 2.0-5.0 mm size fraction contained very low biomass, and always for the > 5 mm size fraction, the entire filter was processed. The samples were sonicated in 90% acetone and extracted for 2 h. Samples were then centrifuged to settle particulates, and concentrations of Chl a and phaeopigments (Phaeo) in the supernatant were measured in either a Turner TD-700 or Trilogy fluorometer pre-calibrated using standing Chl a (Parsons et al. 1984; Båmstedt et al. 2000) . As suggested by Conover et al. (1986) , we did not multiply the Phaeo values by a factor of 1.51, because standard fluorometric procedures express the values as chlorophyll weight equivalents already.
For each discrete depth interval the total pigment concentration was calculated as:
where GPC is gut pigment content (mg m
23
), pig is the sum of the Chl a and Phaeo values (mg), split is the fraction of total tow, f is the fraction of filter analyzed and vol is the volume of water filtered through the net (m
). Ingestion (grazing) rates (mg Chl a equiv. m 23 d
21
) were calculated as: where GPC is gut pigment content (mg m 23 ) and k is the daily gut evacuation rate (d
). We estimated a k value for all nets using the temperature dependent function k (d
) 5 (0.0124 e 0. 0765T(8C) ) 3 1440 min d
21 from (Dam and Peterson 1988) . For tows using the MOCNESS the average temperature of each depth interval was used to calculate k. For occasional oblique tows with a single net in the surface 25 m, surface temperature was used to calculate k. We chose a temperature-dependent formula to determine k to reflect grazing rate changes with decreasing temperature and increasing depth, rather than apply an average k determined from equatorial waters that shows somewhat lower k at higher temperature than would be predicted by Eq. 2 . Following the recommendation of Durbin and Campbell (2007) , and the procedure used in recent studies (Landry et al. 2009; D ecima et al. 2011; Bernard et al. 2012) , we calculated grazing rates without the gut pigment degradation value previously included in grazing rate equations (Båmstedt et al. 2000) . Mesozooplankton grazing impact (%) was calculated for Chl a in the top 150 m of the water column. Chl a was measured following the standard fluorometric methods outlined by the JGOFS program (Knap et al. 1996) and trapezoidally integrated to 150 m. Briefly, 0.5-1.0 L of seawater from the CTD rosette was vacuum filtered onto a 25 mm GF/F filter. Filters were then placed in 90% acetone and allowed to extract for 4 h. They were then measured onboard using a Turner Trilogy fluorometer before and after acidification with two drops of 1.2 M HCl. Grazing rates were also depth integrated by multiplying I (mg m 23 d 21 ) by the appropriate depth interval for each MOCNESS net then summing the nets from each tow. For oblique tows, grazing rates were multiplied by the maximum depth of the net. We note several potential sources of error in the gut fluorescence method. As in our analysis, many previous studies assume that pigment degradation is accounted for in experimental determination of k (Durbin and Campbell 2007; Landry et al. 2009; Gleiber et al. 2015) . However, the study of Karak€ oyl€ u and Franks (2012) using in vivo gut fluorescence in copepods found traditional gut evacuation rate experiments may underestimate grazing by 15-70%, which they attributed largely to differences between copepod feeding state (i.e., they measured gut fluorescence during active feeding). Furthermore, sampling bias from using a 202 lm net may have occurred between our mesozooplankton and microzooplankton collection creating a "grey zone" in our data potentially excluding organisms from roughly 100-450 lm (Hopcroft et al. 2001) . These sources of error lead to potential underestimation of grazing rates and our estimates should therefore be considered conservative.
Microzooplankton grazing
In the fall, we conducted two types of experiments to measure phytoplankton growth and protozoan grazing rates: full serial dilution series (Landry and Hassett 1982) at surface depths and two-point "mini" dilutions (Landry et al. 1984 (Landry et al. , 2008 to determine depth profiles of grazing. All samples were taken from a Niskin rosette and incubated in 2.2 or 1-L polycarbonate bottles. All incubations were carried out for 24 h in deck-board incubators maintained at surface temperatures by a flow-through seawater system. Bottles were screened with black mesh to hold them at in situ light levels.
Serial dilutions
Serial dilutions were carried out at surface depths to confirm that grazing pressure decreased linearly with dilution. Duplicate treatments were set up at dilution levels of 24%, 37%, 61%, and 73% whole seawater, and amended with 200 lL of 100 mM NH 1 4 and 50 mM PO 3-4 (final concentrations were 8.5 lM and 4.3 lM, respectively). Nutrients were added to ensure that a reduction in nutrient cycling in treatment bottles would not alter phytoplankton growth rates. Four control bottles were also set up (100% whole seawater), including two nutrient-amended replicates and two natural replicates. All treatment bottles were prepared by first filtering water with a peristaltic pump directly from the Niskin bottle through a 0.1 lm Acropak filter cartridge and into a known volume bottle of appropriate size for the respective dilution. Filtered water was then poured into a 2.2-L clear polycarbonate incubation bottle. The incubation bottle was then gently filled the rest of the way with whole seawater from the Niskin using silicon tubing. Net growth rates for each bottle were calculated from initial and final Chl a concentrations as: k net 5 ln(chl final /chl init ). Net growth rates of all nutrient-amended treatments were then regressed on dilution factor and the slope (equal to grazing rate) and yintercept (equal to nutrient-amended gross growth rate) were calculated using a type I linear regression. Ambient phytoplankton gross growth rates were then calculated as the sum of grazing rate (i.e., slope) and the net growth rate of nonnutrient amended whole seawater samples.
Two-point dilutions
Two point dilutions were set up similarly to the serial dilutions described above, except that only two bottles were used (37% treatment level and whole seawater) and were not nutrient amended. Two-point dilutions were not nutrientamended so that we could determine natural phytoplankton growth rates. Typically we conducted four sets of two-point dilutions at light levels of 33%, 11%, 4%, and 1% surface irradiance. Grazing rate was calculated as (k dilute -k whole )/0.63 and gross growth rate was calculated as k whole 1 grazing rate.
Microzooplankton and mesozooplankton instantaneous grazing rate comparisons
To compare the daily impact of micro-and mesozooplankton grazing on phytoplankton, mesozooplankton grazing rates were converted to instantaneous grazing rates (d ) and only I DAY (i.e., for 24-h period) was used to calculate I D . Mesozooplankton grazing was integrated to the nearest possible depth interval to the corresponding twopoint microzooplankton depth profiles (i.e., to depth of 1% light level; average of 70 m for all experiments but ranged from 25 m to 120 m, depending on station).
Statistical analyses
Data were analyzed using SigmaPlot 11.0. Integrated grazing rates were regressed against salinity for both night and day tows. Comparisons between seasons were made with unpaired t-tests while comparisons between station categories for the same seasons were analyzed using one-way ANOVA. When data did not meet expectations of equal variance and normality, they were ranked and analyzed using non-parametric tests. These included the Mann-Whitney rank sum test for between season comparisons, and the Kruskal-Wallis ANOVA on ranks for comparison between station categories.
Statistical significance of serial microzooplankton dilution experiments was determined using a Type I linear regression. To determine the uncertainties for two-point "mini" dilutions, we made the assumption that the full serial dilutions yielded accurate growth and grazing rates, then calculated the apparent growth and grazing rates that would have been determined from using only a single pair of 37% and 100% whole seawater treatments from the full dilutions. The mean differences between the full dilution and two-point dilution growth and grazing measurements were 20.02 6 0.11 and 0.001 6 0.13 d
21
, respectively (mean 6 standard error), suggesting that the two-point dilutions do not bias either growth or grazing rate measurements. We calculated the root mean square errors to estimate the uncertainty of any particular two-point growth or grazing rate measurement to be 0.21 d 21 and 0.24 d 21 , respectively. These uncertainty estimates were then propagated through future calculations to determine the measurement uncertainty associated with using the two-point dilution technique.
Results
Seasonal and regional depth-integrated mesozooplankton grazing patterns Mean mesozooplankton grazing rates (integrated from 0 m to 150 m) for all salinities combined were 2 to 2.4-fold higher in fall than spring during the day (2.49 vs. spring) ( Table 1) . Mean values for comparison between seasons of all salinities did not meet assumptions of normality but median grazing rates for both night and day were significantly different and higher in the fall (p 5 0.03 for daytime rates and p 5 0.04 for nighttime). During both years mesozooplankton grazing generally decreased as salinity increased (Fig. 2) . In spring, daytime grazing rates ranged from 0.24 to 4.02 mg Chl a equiv. m ; neither nighttime nor daytime grazing rates were significantly different across the salinity range ( Fig. 2A) . In fall, daytime grazing rates ranged from 0.31 to 11.34 mg Chl a equiv. m 22 d
21
, and nighttime rates ranged from 0.33 to 8.99 mg Chl a equiv. m 22 d
; both daytime and nighttime grazing significantly decreased with increasing surface salinity (Fig. 2B) .
Spatial patterns in mesozooplankton grazing were evident when the expanse of the plume was examined. During spring the plume extended northwestward and was sampled to approximately 148N, with the highest grazing at low salinity plume stations on the continental shelf or on the slope (Fig. 3A,B) . Grazing rates were low outside of the core plume region with two exceptions: a station located northwest in the outer plume (daytime and nighttime grazing rates were 0.71 and 2.7 mg Chl a equiv. ). During fall we observed a similar pattern of grazing, although rates were two to three times higher and more strongly correlated with surface salinity compared with spring. Grazing was highest in the same low salinity shelf and slope region as in spring but was also elevated within the outer plume retroflection (Fig. 3C,D) . In the outer most portion of the retroflection, grazing rates ranged from 1.9 to 4.0 mg Chl a equiv. The other region of elevated grazing was in the farthest northwest station with respective day and night grazing rates of 2.9 and 3.6 mg Chl a equiv. m 22 d 21 (Fig. 3C,D) .
Mesozooplankton grazing depth profiles
Patterns of grazing with depth were similar between seasons, and are illustrated for the fall in Fig. 4 . Highest grazing occurred in surface waters at low salinity, plume stations, with higher grazing rates shifting to deeper in the water column as surface salinity increased (Fig. 4) . At plume stations, the highest grazing rates were concentrated in the top 25 m where plume influence was strongest (Fig. 4A,D) ; at mesohaline stations grazing rates followed a similar pattern although rates were not as high. Open ocean stations were characterized by lower grazing rates throughout the water column (an order of magnitude lower than at plume stations) with a slight peak at depth corresponding to a deep chlorophyll max (Fig. 4C,F) . This pattern is also apparent in a transect through the plume during the fall cruise which starts on the periphery of the plume and ends in the open ocean (Fig. 5) .
Across all stations and nearly all depth intervals the highest grazing rates were in the smallest size fractions of mesozooplankton (0.2-0.5 mm and 0.5-1.0 mm) (Fig. 4) . A notable exception occurred whereby daytime grazing rates for the 1.0-2.0 mm size fraction at oceanic stations exceeded the smaller size fractions at depths of 50-100 m and 100-150 m (Fig. 4C) , near the depth of the Chl a maximum (Fig. 4F) . Calanoid copepods dominated mesozooplankton abundance in nearly all depths, size fractions, and salinities, with cyclopoid and poecilostomatoid copepods only occasionally exceeding abundance of calanoids. Rare exceptions to copepod dominance occurred in larger size fractions (usually > 2.0 mm) where decapod larvae and shrimp (e.g., families Sergestidae and Luciferidae, respectively) were prevalent in the surface plume layers.
Mesozooplankton grazing impact
In spring average mesozooplankton grazing impact across all salinities on phytoplankton standing stock was 2.3% during the day and 1.9% at night, compared with 7.1% and 6.0% for day and night, respectively, in the fall (Table 2) . Mean values across all salinities were non-normal but the median was significantly higher in fall (p 5 < 0.001). Mean values of both mesohaline day (p 5 0.038) and night (p 5 0.003) grazing impact were significantly higher in fall than spring.
To further explore grazing within the plume we also determined mesozooplankton grazing impact in the top 25 m only ( Table 2 ). The average daytime grazing impact in fall was almost 10-fold that in spring, while nighttime grazing impact was 3 times higher. Mean values were nonnormal but median values were significantly higher across all stations (p < 0.001), for daytime mesohaline (p 5 0.004) and plume (p 5 0.029) stations in fall compared with spring.
Microzooplankton grazing rates
In the fall, we conducted a total of 7 serial dilutions and 55 two-point, "mini" dilutions. We compared the full dilutions and mini dilutions to confirm linearity of both phytoplankton growth and microzooplankton grazing between the two methods. Both were linear, although grazing was more variable, and we report mini dilution results below.
From the mini-dilutions, microzooplankton grazing was strongly positively correlated with bulk phytoplankton growth (Fig. 6) . Across the range of conditions sampled, 
Season Station category Day Night
Spring Low salinity plume 1.60 6 1.72 (n 5 4) 1.08 (n 5 1)
Mesohaline plume 1.05 6 0.97 (n 5 5) 1.08 6 1.00 (n 5 protozoan grazing averaged 68% of phytoplankton growth. Neither phytoplankton growth nor microzooplankton grazing was significantly correlated to sea surface salinity. There was no statistically significant trend of phytoplankton growth or microzooplankton grazing with level of photosynthetically active radiation (PAR), although generally phytoplankton growth was suppressed in surface waters where PAR was highest and then increased and peaked at light levels approximately 10% of surface irradiance (Fig. 7A ). Microzooplankton grazing was not inhibited at high PAR but did decrease as light levels decreased in the same way as phytoplankton growth (Fig. 7B) . We note that samples collected at depth were incubated at temperatures higher than ambient for their respective depth due to variation in the thermocline. This likely did not lead to significant overestimation of grazing rates, which at depth were consistently the lowest observed.
Comparison of mesozooplankton and microzooplankton grazing impact
A total of nine stations were available to compare the relative importance of microzooplankton and mesozooplankton grazing on phytoplankton growth (l) across the plume (Fig. 8) . Of the four lowest salinity stations (12, 25, 19 , and 20) the net calculated change (k 0 ) was negative for all except station 25. At all four of these stations l did not exceed 0.6 d 21 . Of these low salinity stations, mesozooplankton grazing impact exceeded that of microzooplankton at all but station 25. For the remaining mesohaline and oceanic stations (13, 8, 26, 9 , and 10) that pattern was reversed, with a positive k 0 and only one value for l below 0.6 d 21 . At the highest salinity, oceanic stations, microzooplankton grazing impact was 2-13 times higher than that of mesozooplankton.
Discussion
Grazing patterns Plume stations
The highest mesozooplankton grazing rates in spring were concentrated in the low salinity plume, a region characterized by an "estuarine type" phytoplankton assemblage consisting of a high abundance of diatoms, cryptophytes, and green-water Synechococcus spp. (Goes et al. 2014) . This was also the only region with detectable nitrate and nitrite, and contained the highest concentrations of silicate (Goes et al. 2014) . During the fall plume retroflection, the highest grazing rates at the low salinity plume stations occurred in nearly the same geographic region although the rates were double to triple those in spring (Fig. 3) . A similar diatomdominant phytoplankton assemblage with Chaetoceros spp., 
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Zooplankton grazing in the Amazon River plume Hemiaulus hauckii without the endosymbiont, and Pseudonitzchia spp. were found in the region (A. Kalmbach and E. Carpenter pers. comm.). Other preliminary pigment results also support that this low-salinity plume region was dominated by coastal diatoms, although in lower abundance than during spring. In the plume station in the fall where microzooplankton and mesozooplankton grazing rates were both measured, the relative importance of mesozooplankton grazing was approximately four times higher than microzooplankton grazing (station 12 in Fig. 8 ).
From the patterns in grazing and phytoplankton assemblage, the inshore, coastal region of the plume can likely be characterized as a shorter, "export food web," with diatoms and mesozooplankton grazers prevalent (Michaels and Silver 1988; Legendre and Michaud 1998) . Further support comes from previous reports of a similar pattern of phytoplankton distribution in the plume (Carpenter et al. 1999; Shipe et al. 2006; Subramaniam et al. 2008) , as well as seasonal accumulation of calanoid copepods on the Amazon shelf corresponding to peak river discharge (Aller and Todorov 1997) which leads to a high biomass of coastal mesozooplankton grazers. The relatively lower importance of microzooplankton grazing rate compared with mesozooplankton in the inshore plume region (albeit measured from just one station) support this food web structure as well.
Mesohaline stations
During spring a large DDA bloom occurred between 9-148N and 53-568W throughout the mesohaline region. Goes et al. (2014) characterized the assemblage there as dominated by DDAs, but also with some dinoflagellates, cryptophytes, and Trichodesmium. However, mesozooplankton grazing rates in the same region were lower compared with the plume stations (Figs. 2A, 3B ). In the fall the mesohaline stations were predominantly located in the outer arm of the plume during its seasonal retroflection (area of low salinity between 45 and 508W in Fig. 3C ) and characterized by diatoms, dinoflagellates, abundant Synechococcus spp., and very few DDAs. Given the largely different geographic regions of mesohaline stations, differences in grazing rates and phytoplankton assemblages may be unrelated or may be indicative of a seasonal succession (discussed below).
Comparison of the mesozooplankton and microzooplankton grazing impact in the mesohaline region suggests a transition from an export food web to a retention food web (Fig. 8) . Compared with lower salinities, between a SSS of 32-33 phytoplankton growth rates increase, as does the importance of microzooplankton grazing on the net change of phytoplankton biomass. At stations below 32 SSS, except for station 25, mesozooplankton grazing was higher than microzooplankton grazing (stations 12, 19, and 20) , resulting in a negative net calculated change in phytoplankton (k 0 ). At stations above 33 SSS, k 0 became positive and microzooplankton grazing impact dominated. Further sampling is required to determine if this transition consistently occurs over such a small salinity range.
In the mesohaline region in both seasons, mesozooplankton grazing rates in the furthest northwest station were elevated relative to adjacent mesohaline stations. In spring, the plume was distributed northwest toward the Caribbean, which may explain the observed elevated grazing there, but in fall the seasonal retroflection had occurred and adjacent stations were not Amazon plume-influenced. A potential explanation for enhanced grazing in this region during fall is influence from the Orinoco River plume, which has maximum discharge in August-November and flows north westward into the Caribbean and WTNA (Hellweger and Gordon 2002; Ch erubin and Richardson 2007) . Furthermore, a previous study in this region suggested a combination of the Amazon and Orinoco plumes supporting DDA blooms in this region (Carpenter et al. 1999) .
Oceanic stations On both cruises, mesozooplankton grazing rates were lowest in open ocean stations without plume influence. Higher mesozooplankton grazing impact on Chl a in the top 25 m at oceanic stations compared with lower salinity stations (Table 2) is best explained by low surface chlorophyll, rather than elevated grazing (Fig. 8C,F) at these stations. Higher rates of microzooplankton grazing compared with mesozooplankton occurred at oceanic stations with a phytoplankton assemblage comprised of Trichodesmium, Synechococcus, as well as some dinoflagellate species (Goes et al. unpubl.) , supporting a "retention" food web. The average phytoplankton growth and microzooplankton grazing rates at oceanic stations (l 5 0. ; from Table  2 Schmoker et al. 2013) , although the measurements for that region were restricted to the eastern Atlantic. Furthermore, @ 13 C data from the 2010 cruise showed an average 2.9& difference between particles and mesozooplankton at oceanic stations (Loicke-Wilde et al. in press), indicative of a complex microbial loop in the food web (Rau et al. 1990 ), but no significant difference at mesohaline or plume stations.
There was one exception in the spring where higher depth-integrated grazing occurred at an open ocean station compared with other oceanic stations and some mesohaline stations (Fig. 3B) . Goes et al. (2014) characterized phytoplankton at that station as an oceanic assemblage comprised almost entirely of Trichodesmium and Synechococcus spp., although abundances of these cyanobacteria were not exceptionally high compared with other stations (see Fig. 6E ,F from Goes et al. 2014) . Based on this phytoplankton assemblage, elevated mesozooplankton grazing at this station is surprising as Trichodesmium is considered unpalatable to most mesozooplankton, with the exception of some harpactacoid copepods (Hawser et al. 1992; O'Neil and Roman 1994; O'Neil 1998) . Mesozooplankton grazing on Synechococcus individuals has been documented (Gorsky et al. 1999; Stukel et al. 2013a) , or mesozooplankton may consume Synechococcus via feeding on aggregates (Wilson and Steinberg 2010) . Analysis of zooplankton gut contents for phycoerythrin, a diagnostic pigment for Synechococcus, and cyanobacteria molecular markers will help determine direct consumption by zooplankton (Conroy et al. unpubl.) . Aside from this exception in 2010, the grazing patterns of meso-and microzooplankton at oceanic stations support a "retention" style food web dominated by microzooplankton rather than mesozooplankton.
Vertical patterns To our knowledge this is the first grazing study to utilize a depth-stratified sampling design using the MOCNESS, which enabled us to investigate how the strong salinity gradient in the upper water column created by the plume influenced grazing with depth. Depth profiles of grazing at plume and mesohaline stations indicated highest grazing in the surface 25 m in plume-influenced waters, while at oceanic stations grazing was higher at depth. This pattern largely followed Chl a profiles, with deeper grazing in oceanic stations in particular reflecting the deep Chl a maximum. Slightly reduced grazing rates for some size fractions in the surface 10 m (compared with 10-25 m) at all stations may reflect feeding avoidance in surface waters with more intense solar radiation (Alonso et al. 2004 ). Finally, depth-stratified sampling is a useful approach for grazing studies in a region with pronounced vertical physical structure, and our integrated grazing rates fall within the range of similar grazing studies using non-stratified sampling (e.g., Huskin et al. 2001; Isla et al. 2004; D ecima et al. 2011) .
Diel patterns
We expected higher nighttime grazing impact due to additional feeding in surface waters by diel vertical migrators at night, but interestingly, nighttime grazing impact across all salinities was similar to daytime. Vertical migrators thus may have been preying on small invertebrates rather than primary producers, a pattern observed in the Sargasso Sea (Schnetzer and Steinberg 2002) . Alternatively, at least in the plume, PAR profiles indicated that incident light was rapidly attenuated to 15% of surface irradiance within the top 2-8 m, rendering day light conditions more similar to night in plume waters, resulting in a lack of a diel pattern in grazing impact.
Seasonal comparison
ANACONDAS was designed to provide seasonal snapshots of the Amazon Plume region with a focus on the fate of DDAs. While the seasons were sampled in two different years, the overall patterns provide some insight into planktonic succession and functioning of the food web in the region. In the lowest salinity plume stations in both spring and fall, phytoplankton assemblages are consistent with previous reports in low salinity, inshore regions of the plume. After initial low biomass at the mouth of the Amazon River due to light limitation (Smith and Demaster 1996) , biomass increases further offshore and comprises mostly coastal diatoms (Smith and Demaster 1996; Subramaniam et al. 2008; Goes et al. 2014) . Despite similar coastal phytoplankton assemblages at plume stations in both years, mesozooplankton grazing rates and impact on Chl a were higher in the fall than spring. We view this as a seasonal rather than an interannual signal, and a reflection of a lag in the increase in mesozooplankton grazing and biomass following peak discharge. A similar explanation was used to describe the initial lag in copepod grazing on the phytoplankton bloom associated with the Mississippi River plume entering the Gulf of Mexico (Dagg 1995) . They reported copepod grazing of 4-5% of daily production in the late spring during the onset of the phytoplankton bloom compared with 14-62% when the Mississippi plume was sampled in the late summer. This pattern is similar in our study (See Table 2 ). This is also supported by overall higher plume mesozooplankton biomass observed in fall compared with spring (Steinberg et al. unpubl.) . While a seasonal bloom is counter to the steady year-round productivity in the plume seen by Demaster and Pope (1996) discussed above, it is important to note the differences in distance from the mouth of the Amazon. Almost all of their stations were in shallow water (majority were < 100 m with max 200 m bottom depth) while ANACONDAS was further north of the mouth and focused on the slope and offshore regions of the plume-influenced WTNA. Therefore, a seasonal bloom progression may be important in the offshore plume waters as the Amazon progresses through peak discharge in the late spring, while inshore and closer to the mouth primary productivity is steady year round as observed by Demaster and Pope (1996) . Loick-Wilde et al.
(in press) suggest that the inshore phytoplankton assemblage acts as a seed population for blooms in the outer plume, especially of DDAs in the mesohaline region, which would support a seasonal progression of increasing phytoplankton biomass followed by zooplankton in the outer plume. Furthermore, higher grazing rates and grazing impact occurred later in the season (higher in fall than spring) at plume and mesohaline stations (see Tables 1, 2) , supporting an initial lag in mesozooplankton growth and grazing before they are able to catch up to the pulse of primary production. However, in contrast to the plume region where phytoplankton assemblages were similar between seasons, in spring a DDA bloom appeared to have just initiated, based on cell condition (E. Carpenter and R. Foster pers. comm.), and DDAs were prevalent throughout the mesohaline, while in the fall DDAs were scarce. Lower grazing in the spring may thus alternatively be due to intense grazing by zooplankton on DDAs later in the fall; stable isotope analysis indicated diazotrophic nitrogen was incorporated into mesozooplankton during our and a previous study in the region (Montoya et al. 2002) as well as in the subtropical Atlantic (Landrum et al. 2011) , although direct grazing on DDAs is not distinguishable using this method.
An alternative explanation for lower grazing in spring is that mesozooplankton avoid grazing on DDAs, and the high abundances of DDAs suppressed grazing. The DDA bloom observed in spring was dominated by the diatom Hemiaulus hauckii with the endosymbiont Richelia intracellularis, although Rhizosolenia clevei with R. intracellularis was present as well (Goes et al. 2014) . Chain-formation in diatoms such as Hemiaulus and Rhizosolenia may decrease the risk of being grazed (Bergkvist et al. 2012) , however, similar sized chainforming diatoms are actively grazed by copepods (Bochdansky and Bollens 2004) and stable isotope analysis of mesozooplankton sampled in spring and fall indicates diazotrophic nitrogen in both seasons (Loicke-Wilde et al. in press ). These observations suggest mesozooplankton do not avoid DDAs, but instead relate to a pattern of seasonal planktonic progression in the plume, especially in the mesohaline region where DDA blooms are more prevalent (Subramaniam et al. 2008; Goes et al. 2014 ).
Summary and conclusions
We present the first analysis of zooplankton grazing in the Amazon Plume-influenced WTNA. Results from both years indicate that the Amazon Plume enhances grazing in the WTNA compared to areas with no plume influence. A shift in food web structure occurs along the plume salinity gradient, with mesozooplankton dominating grazing in plume and low salinity mesohaline stations, suggestive of an export food web, transitioning to microzooplankton dominating grazing at higher salinity mesohaline (> 33 SSS) and oceanic stations, and a retention food web. Comparison between the two seasons/years indicated lower mesozooplankton grazing during peak spring discharge compared with the fall retroflection phase of the plume. This pattern represents a seasonal phytoplankton-zooplankton progression in the outer plume through peak discharge into the retroflection period. During the onset of a bloom in mesohaline waters, mesozooplankton grazing appears to lag phytoplankton growth, before catching up and grazing down the bloom, by the fall retroflection phase.
This study also provides an important baseline of zooplankton grazing impact in the WTNA with regards to a changing climate. Elevated precipitation and evaporation rates, driven by warming atmospheric and ocean temperatures, (Doney et al. 2012) would directly affect the expanse of the plume into the WTNA, potentially altering the food web dynamics highlighted in this study. Some changes have already been observed in the hydrological cycle of the Amazon basin over the last two decades, with an increased wetting trend driving an increase in annual river discharge (Gloor et al. 2013) . A warming ocean will increase stratification, decreasing nutrient flux from depth (Doney et al. 2012 ); under these conditions N 2 -fixation may increase in importance, making diazotrophy important in fueling secondary production. Furthermore, our estimates of grazing can be incorporated into existing biogeochemical models for this region (Cooley et al. 2007; Stukel et al. 2014 ) to understand how changes in precipitation, temperature, or other factors may impact biogeochemical cycling, and to predict energy transfer in future ocean food webs.
